Single-photon space-like antibunching 
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We use heralded single photons to perform an antibunching experiment in which the clicks at 
the detectors are spacelike separated events. The idea of such experiment dates back to the 5th 
Solvay conference, when it was proposed by Einstein as an expression of his concerns about quantum 
theory. 
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Quantum theory is well known for being counterintu- 
itive. Today, this is most often discussed in the context 
of the quantum nonlocality illustrated by the violation 
of Bell's inequality. However, historically, other coun- 
terintuitive aspects of quantum theory dominated, like 
the wave-particle duality, the Heisenberg uncertainty re- 
lations and the measurement problem. In this short arti- 
cle, we concentrate on a conundrum that triggered much 
of Einstein's suspicion towards quantum theory. 

During the famous 5th Solvay conference in 1927, 
Einstein considered a single particle which, after diffrac- 
tion in a pin-hole encounters a "detection plate" (e.g. 
in the case of photons, a photographic plate), see Fig 1. 
We simplify this thought experiment, though keeping 
the essence, by replacing the "detection plate" by two 
detectors. Einstein noted that there is no question that 
only one of them can detect the particle, otherwise 
energy would not be conserved. However, he was deeply 
concerned about the situation in which the two detectors 
are space-like separated, as this prevents - according 
to relativity - any possible coordination among the 
detectors pQ: 

"It seems to me/' Einstein continued, "that this dif- 
ficulty cannot be overcome unless the description of the 
process in terms of the Schrodinger wave is supplemented 
by some detailed specification of the localization of the 
particle during its propagation. I think M. de Broglie is 
right in searching in this direction. " 

Yet, this simple argument got somehow buried in the 
Einstein-Bohr debates. Anyway, at the time there was 
plenty of new physics to explore and keep physicists 
busy; moreover, the technology didn't allow one to realize 
what was then only "Gedanken experiments" . Neverthe- 
less, Einstein's idea of "supplementary specifications" to 
de Broglie's guiding wave ideas came back in 1952 in the 
form of an explicit model, presented by David Bohm [3]. 
This model is empirically undistinguishable from quan- 
tum theory, as it makes precisely the same predictions. 
Applied to the above described situation, Bohm's model 
provides an elegant and simple solution to Einstein's co- 
nundrum: the particle follows one and only one continu- 




FIG. 1: Gedanken experiment proposed by Einstein during 
the 5th Solvey conference. A and B are points on the photo- 
graphic plate, for which the events of detection can be space- 
like separated from each other. Adapted from [2 . 

ous trajectory from the pin hole to one of the two detec- 
tors. Hence, which detector clicks is already determined 
at the pin-hole: the detector hit by the particle's trajec- 
tory detects it, while the other detector only "sees" an 
empty wave. 

Bohm's model applied to a single particle is manifestly 
local. However, when applied to two or more particles 
Bohm's model includes a nonlocal "quantum potential" . 
This inspired John Bell to discover his famous inequality 
which, in turn, opened the fields of quantum nonlocality 
and more recently of device independent quantum infor- 
mation processing [MS], both very fruitful experimental 
and theoretical research fields. 

But what happened to Einstein's original "Gedanken 
experiment"? Surprisingly, to the best of our knowledge, 
this simple - with today's technology - experiment had 
never been done, as Antoine Suarez taught us [7 . Pro- 
ducing correlated photon pair was first done using atomic 
cascades and used to test Bell's inequality [HJ [9] . A bit 
later, this was used by Philippe Grangier to produce 
heralded single photons, one photon heralding the sec- 
ond one, and to perform beautiful experiments on single- 
photon interferences [10] . Today, correlated photon pairs 
are routinely produced by spontaneous parametric down- 
conversion in nonlinear crystals [11]. This led to many 
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FIG. 2: Experimental setup: photon pairs are generated by Spontaneous Parametric Down Conversion at the wavelengths of 
1550 nm and 810 nm. These pairs are split by a dichroic mirror (DM), and the 810 nm photon is sent to detector D, used to 
herald the presence of the 1550 nm photon which follows to the beam splitter (BS). Arbitrary electronic delays were applied 
before TDC to ensure the coincidence peaks would remain on scale. 



demonstrations of heralded single photon sources, see 
e.g. [12]. 

Here we use one such source of heralded single pho- 
tons and two single photon detectors to realize Einstein's 
Gedanken experiment. We take great care at assuring 
the space-like separation between the two detectors. We 
confirm that, in each round of the experiment, only one 
detector click. This is unsurprising but stresses the non 
local characteristic of the textbook collapse of the wave 
function at detection, even in single particle experiments. 
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EXPERIMENT 

The experiment consists in verifying that when a single 
photon is thrown at a beam splitter, it is detected in only 
one arm, i.e. the probability Pab of getting a coincidence 
between the two detectors A and B is much smaller than 
the product of the probabilities of detection on each side 
Pa x Pb 5 as would be expected in the case of uncorrelated 
events. 

The experimental setup is shown in Fig. [2] and consists 
of a source of heralded single photons which is coupled 
into a single mode fiber and injected into a fiber beam- 
splitter (BS). Each of the two outputs of the beamsplitter 
goes to a single photon detector (IDQ ID200), detector A 
being close to the source and detector B being separated 
by a distance of approximately 10 meters. 

If we ensure that the fiber lengths before each detec- 
tor are equal by inserting a 10 m (50 ns) fiber delay loop 
before detector A, the detections will happen simultane- 
ously in some reference frame, thus being space-like sep- 
arated (a signal would take 33 ns to travel between the 
two detectors at the speed of light; simultaneity of detec- 
tion is guaranteed to within 1 ns by the matched length 
of fiber both before and inside the detectors). It is also 
possible to make the detections time-like separated by re- 
moving the 10 m delay line from detector A and adding 
it to detector B. 



FIG. 3: Spacetime diagrams for spacelike (i) and timelike (ii) 
configurations. A and B represent the locations of the detec- 
tors, with detector A being close to the beamsplitter BS. Da 
and Db represent the detection events. 



The source consists of a periodically poled lithium 
niobate crystal pumped by a continuous wave laser at 
532 nm and emitting photon pairs with one photon at 
810 nm which is used to herald the other photon at 
1550 nm. The photons are coupled into single mode fiber 
with an efficiency of the order of 35% and the detector 
efficiencies are of approximately 10% for the 1550 nm de- 
tectors (IDQ ID200) and 56% for the 810 nm detector 
(LaserComponents COUNT). 

Coincidences are taken with a Time to Digital Con- 
verter (TDC, Agilent CD890) which has a resolution of 
50 ps; we however use a coincidence window of 1 ns as the 
detectors have a jitter of 400 ps for the IDQs and 1.2 ns 
for the Laser Components. Within this time the source 
has probability p of generating one photon and probabil- 
ity p2 ~ p 2 /2 of generating two photons. We lower the 
number of two photon events to a level where they have 
a rate comparable to the detector noise by reducing the 
pump power. 



RESULTS 
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FIG. 4: Coincidences between the heralding detector and 
each of the detectors A (red) and B (blue) with space- 
like separation, measured in a window of 1 ns during 
a time period of 10 minutes. Rha=9A9 x 10 4 /10 min, 
Rhb =6.39 x 10 4 /10min. The noise is on average: Rn = 
50/10 min. 
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FIG. 5: Triple coincidences for the detectors H, A, and B, 
with spacelike separation, measured in a window of Ins dur- 
ing a time period of 30 minutes. Rhab = 4/30min. The 
selected window corresponds to zero delay between clicks at 
both detectors. 

First we measure the probabilities of detecting a pho- 
ton at detector A or at detector B given that a heralding 
photon has been detected at H. We denote Rha the total 
number of coincident counts at detector H and detector 
A during the time of measurement, and Rh(A) the total 
number of counts at detector H alone during the same 
measurement; Rhb and Rh(b) denote similar quantities 
for the measurement with H and B. 

Next we measure the probability of detectors A and B 
clicking at the same time, again given a heralding signal. 
Rhab denotes the number of triple coincident counts at 
the detectors H, A and B, and Rh(ab) the total number 
of counts at detector H alone during the same measure- 
ment. All these quantities are measured directly for both 
a space-like configuration and a time-like configuration. 
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FIG. 6: Coincidences between the heralding detector and each 
of the detectors A (red) and B (blue) with timelike separation, 
measured in a window of 1 ns during a time period of 10 min- 
utes. Rha =9.90 x 10 4 /10 min, R HB =6.22 x 10 4 /10min. 
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FIG. 7: Triple coincidences for the detectors H, A, and B, 
with timelike separation measured in a window of Ins during 
a time period of 30 minutes. Rhab = 4/30 min. 



The raw TDC data is shown in Figures |4|5|6| and [7] and 

the results are summarized in Table [U 

The number of counts given by detector noise and two- 
photon events can be estimated by looking at the counts 
away from the peak. As an example, for the space-like 
configuration (Figure Q in a window of 1 ns the noise 
rate is on average Rhn = 50 (7) for a 10 minutes in- 
tegration time. This corresponds to a noise probability 
P N = 9- 10- 6 (1.3- 10- 6 ). 

From the values in Table 1 one derives the following 
probability values for spacelike separation: 
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for timelike separation one derives the values: 
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TABLE I: Summary of results. Values obtained for the dif- 
ferent counting rates and corresponding probabilities defined 
in the text, measured with spacelike and timelike separation. 
Statistical errors (one standard deviation) are calculated as- 
suming Poissonian statistics. 



for the probability P^ L that A and B detect photons 
coming from different pairs (noise) one derives the value: 

P'SLfi i\ r>SL r>SL , r>SL r>SL 

« 0.0025 ± 0.0026 • 10" 4 (3) 

These results show that whether the separation be- 
tween the detectors is time-like or space-like, the number 
of coincidences is three orders of magnitude smaller than 
what would be expected had the events been uncorre- 
cted, i.e., Pab = Pa x Pb- 

CONCLUSION 

Einstein was rightly shocked by the claimed complete- 
ness of quantum theory [13]. Indeed, it is surprising that 
space-like separated detectors can somehow coordinate 
the detection event of a single photon. Yet, this is ob- 
viously necessary to preserve such a fundamental rule 
as energy conservation. Today, most physicists - if not 
all - will find our result, space-like anti-bunching of single- 
photons, as an evidence. Actually, most quantum optics 



specialists even regard this as the signature of single- 
photons, though without paying attention to space-like 
separation. But it might be healthy to keep a feeling of 
this surprising aspect of quantum physics which reveals 
a simple form of nonlocality: the conservation of energy 
in each single event implies nonlocal coordination of de- 
tection [7] . Further considerations on the similarities and 
differences between the kind of nonlocality demonstrated 
by our experiment and the better known form of nonlo- 
cality revealed by the violation of Bells inequality will be 
presented by some of us in a forthcoming publication. 
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